In sheep, the seasonal patterns of reproductive activity are driven primarily by the annual photoperiodic cycle, but can also respond to other environmental factors, such as nutrition, yet little is known about the mechanisms underlying this interaction. This study was designed to define the interaction between photoperiodic and nutritional cues on seasonal patterns of ovarian activity, and to determine if there is a central interaction between these cues. Groups of Ile-de-France ewes were maintained in two nutritional states (restricted and well fed) under a simulated annual photoperiod of 8-16 h of light per day over two breeding seasons. At the end of the first breeding season, half of the animals of each group were ovariectomized (OVX) and fitted subcutaneously with estradiol implants. Low nutritional status shortened the season of ovarian activity, determined from the pattern of progesterone concentrations, by modifying the timing of seasonal transitions between periods of ovarian activity and anestrus. The same results were observed for the seasonal rhythm of neuroendocrine activity, assessed in the OVX ewes, from the pattern of luteinizing hormone concentrations. These results were then confirmed for neuroendocrine activity induced by a photoperiodic treatment. We conclude that nutrition centrally modulates the interpretation of photoperiod to affect seasonal reproductive transitions. The mechanisms of this interaction are discussed in the paper.
INTRODUCTION
Most mammals from temperate regions that experience seasonal fluctuations in their food supply have evolved patterns of reproduction that restrict their breeding activity to a defined period of the year. This adaptive phenomenon, often referred to as the seasonality of reproduction, ensures that births occur at the most appropriate time of the year, that is, when the quantity and quality of naturally available feed is sufficient to support the nutritive demands of the mother and her offspring [1] .
In temperate latitudes, the principal environmental factor controlling the pattern of seasonal reproductive activity is photoperiod, which synchronizes an endogenous circannual rhythm of reproduction with the time of year [2] [3] [4] . Photoperiodic information generated from the light-dark cycle exerts its effects on the hypothalamus-pituitary axis through the rhythmic, diurnal secretion of melatonin by the pineal gland [5] . This rhythm is driven by the circadian pacemaker located in the suprachiasmatic nucleus (SCN) [6] , via a multisynaptic pathway. Thus, in the absence of light-dark cycles, the rhythm of melatonin secretion corresponds to that of the endogenous circadian rhythm generated by the SCN [7] . The perception of light both entrains the activity of the circadian pacemaker in the SCN to a period of 24 h and restricts melatonin secretion to periods of darkness [8, 9] . A consequence is the production of an annual rhythm in the pattern of melatonin secretion that functions as the neuroendocrine signal linking the annual rhythm of photoperiod with the reproductive axis [10, 11] . This signal links to the reproductive system at the level of the hypothalamo-pituitary axis, modifying its neuroendocrine activity in response to the negative-feedback action of estradiol [12] .
The seasonal pattern of reproduction is the result of the integration of several secondary environmental stimuli that interact dynamically with the primary photoperiodic signal, and, as a consequence, they are considered as ''modulators'' of the primary photoperiodic signal [13] . Nutrition, acting through numerous hormonal signals (insulin, leptin, growth hormone, etc.) that reflect long-term changes in metabolic status, is one of the most significant of the secondary modulating factors [13] . Interactions between photoperiodic and nutritional factors on the seasonal pattern of ovarian activity have recently been established for the mare [14] and the doe [15] , as examples of long-day (LD) and short-day (SD) breeding species, respectively. These studies were descriptive, and at this point there is little available evidence that establishes either the level or the mechanism of the interaction between these two factors.
In this study, we have used a sheep model to investigate the interactions between photoperiodic and nutritional factors on the pattern of ovarian activity in the ewe. This was achieved by maintaining two groups of ewes in different metabolic states (i.e., well fed and restricted) over a long period, and monitoring their patterns of reproductive seasonality over two breeding and nonbreeding seasons. Because we hypothesized, on the basis of previous studies [16] , that the effects on ovarian activity were centrally mediated, we also monitored the seasonal transitions in luteinizing hormone (LH) secretion under natural photoperiodic conditions in the same ewes following ovariectomy and estradiol replacement treatment. Finally, in the ovariectomized (OVX), estradiol-treated sheep, the neuroendocrine activity of the hypothalamo-hypophysial axis was also artificially driven by a transfer from LD to SD. This well-defined model of photoperiodic response [17, 18] was used to firmly distinguish the specific effects of nutrition. Along with the monitoring of the seasonal patterns of progesterone and LH secretion, we also estimated the metabolic state of the ewes by monitoring serum concentrations of glucose and insulin.
MATERIALS AND METHODS
All procedures were approved by the French Agricultural and Scientific Research Agencies for Animal Ethics, and were all conducted in accordance with European Union guidelines for Care and Use of Agricultural Animals in Agricultural Research and Teaching.
General
A total of 37 sexually mature Ile-de-France ewes from the Institut National de la Recherche Agronomique (INRA) breeding flock were assigned to two groups balanced for live weight (LW), body condition score (BCS), and age, and housed in one of four light-controlled rooms starting 1 mo prior to the beginning of the feeding program. Each room of 21 m 2 housed between five and nine animals as a single group, and the animals were free to interact with each other. The lighting program mimicked the local ambient photoperiod (488N), and was operated by fluorescent lighting that provided at least 300 lux at head level and total darkness at night. Contacts with rams and bucks or their odors (e.g., on clothing) were rigorously avoided during the study, and social interactions among ewes were limited to ewes of the same treatment group, because they are factors known to modify the seasonal patterns of reproduction [19] .
Diets and Nutritional Management
The ewes were weighed (LW) and their BCS recorded regularly; BCS was determined using a scale of 0 (emaciated) to 5 (grossly obese) [20] . The feeding system in each room was designed to provide individual access to feeders, thus limiting competition for access to feed and variations in feed consumption.
During the pre-experimental period, which lasted 17 wk, the ewes were acclimated to their new feeding system for 3 wk and then fed individual diets designed to produce the two experimental groups, with target median BCSs of 1.5 (restricted [R] group) and 3.0 (well-fed [WF] group). The diet consisted of a single feed made from pelleted, dehydrated lucerne, straw, and sugar cane treacle with nutritional values of 0.97 Mcal of net energy and 63.6 g of metabolizable protein per kilogram of dry matter. The diet was designed using the INRA recommendations for the growth and maintenance needs of adult, nonpregnant ewes [21] . The quantity of the diet offered was adjusted to the mean LW of the animals in each room. Therefore, the ewes of the R group were fed at 40%-55% of their energy maintenance needs (0.73 6 0.11 kg of feed per animal), which corresponded to an average daily intake of 0.60 6 0.07 Mcal of net energy and 39.3 6 4.4 g of metabolizable protein, and the ewes in the WF group were fed at 85%-140% of their energy maintenance needs (1.72 6 0.42 kg of feed per animal), which corresponded to an average daily intake of 1.42 6 0.24 Mcal of net energy and 93.0 6 16.1 g of metabolizable protein. The diets were designed to have a reduced impact on protein requirements, and the daily protein intake averaged 70% of requirements for the ewes in the R group during this period. At 1 mo after the start of the feeding program, the initial number of ewes was reduced to 31, since 6 ewes in the R group reached one of the humane endpoints defined for this experiment (i.e., an LW loss higher than 30% of the initial LW and/or a loss of more than 1 unit of BCS between two records).
Once the target BCSs were reached, the experimental period began and the groups were fed the diet at a level designed to maintain the desired nutritional status of the animals over a long period. For the R group, the diet provided, on average, 80% of the animals' maintenance needs for energy, as determined at the end of the pre-experimental period (1.04 6 0.10 kg of feed per animal); that is to say, a daily intake of 0.86 6 0.06 Mcal of net energy and 56.2 6 3.8 g of metabolizable protein. This diet provided 116% of the daily protein needs of these animals. For the WF group, the maintenance diet provided, on average, 120% of the animals maintenance needs for energy, as determined at the end of the pre-experimental period (1.77 6 0.15 kg of feed per animal), which is a daily intake of 1.45 6 0.09 Mcal of net energy and 95.4 6 3.8 g of metabolizable protein. These data represent the overall average intake, since the diet was consistently readjusted to maintain the desired median BCS of the group. During winter, for example, feed intake was increased to account for low temperatures [21] . Feed was offered once a day, in the morning, and ewes had free access to water and mineral licks to provide essential micronutrients.
Experimental Design Year 1. Ovarian activity was monitored in ewes from the WF (n ¼ 19) and R (n ¼ 12) groups by determining the concentration of progesterone in samples of jugular venous blood collected twice a week for the duration of the study. The same samples were used to monitor insulin. Glucose concentrations were monitored by determining the concentration of glucose in an additional sample of jugular venous blood collected weekly immediately before feeding.
Year 2. After the end of the breeding season in Year 1 (12 mo into the experimental period), half of the animals from each group were OVX and fitted subcutaneously with implants containing 17b-estradiol (E 2 ; Sigma-Aldrich, Saint Quentin Fallavier, France). The implants consisted of sealed 10-mm lengths of silastic tubing (3.3 mm i.d., 4.6 mm o.d.; Dow Corning, USA). The experiment now comprised four groups as follows: WF (n ¼ 10), WF-OVX (n ¼ 9), R (n ¼ 5), and R-OVX (n ¼ 7). The ewes continued to be monitored for ovarian activity, insulin secretion, and glucose levels as described for Year 1, while the OVX groups were also monitored for LH secretion by measuring the concentration of LH in twice-weekly samples of jugular venous blood. In the OVX groups, the frequency and other characteristics of pulsatile LH secretion were determined near the winter solstice, when both groups had elevated concentrations of plasma LH.
Year 3. At 2 mo after the end of the breeding season (May) in Year 2 (25 mo into the experimental period) when the ewes were experiencing long days (15L:9D), the OVX groups were abruptly switched to short days (8L:16D), a treatment known to stimulate LH secretion in anoestrus ewes within 45-60 days [22] . After transition to short days, LH concentrations were measured from Day 0 to Day 40 in twice-weekly samples, from Days 40 to 110 in thriceweekly samples, and from Day 110 to the end of the experiment in twiceweekly samples. Insulin concentrations were measured as described for Year 2.
Blood Sampling and Assays
Blood samples (3 ml), taken by jugular venipuncture, were used to determine the concentrations of progesterone, LH, and insulin. They were always collected before feeding and placed in heparinized tubes (17 IU/ml sodium heparin, Vacutainer; Becton Dickinson and Company, Franklin Lakes, NJ). Glucose was monitored in the same way, but the blood was placed in tubes containing inhibitors of glycolysis (2.5 mg/ml sodium fluoride and 2 mg/ml potassium oxalate, Vacutainer). After sampling, the plasma was separated by centrifugation (3700 3 g for 30 min at 48C) and stored at À208C. For periods of more frequent sampling (i.e., for monitoring LH pulsatility), blood (2.5 ml) was collected via an indwelling jugular catheter, placed in tubes containing 100 IU heparin, and managed as described above.
Progesterone. Progesterone was assayed in singlicate measures of 10 ll of plasma using a double antibody ELISA [23] . The sensitivity of the assay averaged 0.25 6 0.09 ng/ml (16 assays), the intra-assay coefficient of variation (CV) was 7% (16 assays), and inter-assay CV was 9%.
Luteinizing hormone. The concentration of LH was assayed in singlicate measures of 20 ll samples of plasma using a double antibody ELISA immunoassay [24] . The sensitivity of the assay averaged 0.10 6 0.01 ng/ml (four assays), the intra-assay CV was 7% (four assays), and interassay CV was 7%.
The pulsatility of LH secretion was monitored in the OVX, estradiol-treated groups by measuring the concentrations of LH in plasma samples collected every 15 min for 6 h from 1000 to 1600 h. The concentrations of LH were determined in duplicate 100-ll samples of plasma in a single assay using a radioimmunoassay [25] . The sensitivity of the assay averaged 0.10 6 0.02 ng/ ml and the intra-assay CV was 4%.
Glucose. Glucose levels were determined in singlicate measures (50 ll samples) using a standard glucose enzymatic assay kit (GAGO20; SigmaAldrich). The sensitivity of the assay averaged 0.020 6 0.003 mg/ml and the intra-assay CV was 3%.
Insulin. The concentrations of insulin were determined in duplicate 100-ll samples of plasma in a single assay using a radioimmunoassay developed in our laboratory. A commercial antibody to porcine insulin raised in guinea pig (Sigma, St. Louis, MO) was used as the primary antibody, and the secondary antibody was an anti-guinea pig IgG raised in horses. Porcine insulin was iodinated by the chloramine T method [26] . The assay buffer was 0.025 M barbital buffer (0.01% diethylbarbiturate, 0.05% sodium diethylbarbiturate) containing bovine serum albumin (3%; Sigma). Plasma samples were incubated (24 h at 48C) with the primary antibody (300 ll; final dilution, 1:80 000), Triton MENASSOL ET AL.
X-100 (final dilution, 1:1000; Sigma), and normal rabbit serum (final dilution, 1:1250). Samples were then incubated (24 h) with 20 000 cpm of iodinated porcine insulin (200 ll). The secondary antibody was added (2 ml; final dilution, 1:333), with CaCl 2 (36 mmol/L) and polyethylene glycol (4 mmol/L) as precipitating factors, and incubated for 48 h at 48C. Tubes were then centrifuged (3000 3 g for 30 min at 48C), the supernatant was removed, and the radioactivity in the precipitate was counted with a Wallac Wizard gamma counter (PerkinElmer Inc., Waltham, MA) for 1 min. Assay sensitivity averaged 1.59 6 0.11 ng/ml. Intra-assay CV was 12%.
Estradiol. The concentrations of estradiol were determined in plasma samples collected twice weekly during the month following ovariectomy, in a single assay, using the 125 I E2 Diasorin RIA kit (Estradiol-2 kit P2210; Diasorin SA, Antony, France), modified for the analysis of estradiol in ovine plasma [27] . The sensitivity of the assay averaged 0.78 6 0.06 pg/ml and the intra-assay CV was 6%.
Methods Used to Calculate End Points
Ovarian activity. An animal was considered cyclic if the plasma concentration of progesterone was above 1 ng/ml in at least two consecutive samples, suggesting the presence of a functional corpus luteum [28] . The period of ovarian activity (breeding season) was defined for each animal as the time elapsed between the start of ovarian cyclicity in the autumn and the last plasma samples with a concentration of progesterone above 1 ng/ml, and that was followed by at least four consecutive samples in which the concentration of plasma progesterone was below 1 ng/ml. Using these data, we calculated, for each ewe, the dates of the start and end of the breeding season, as well as the duration of the breeding season and its midpoint.
Reproductive neuroendocrine activity. In OVX, estradiol-treated ewes, periods of LH secretion above 1 ng/ml were considered analogous with the breeding season of intact ewes [15, 17] . Similarly, we have defined, for each OVX, estradiol-treated animal, the period of reproductive neuroendocrine activity as the period between the first plasma sample with a concentration of LH above 1 ng/ml and the last plasma sample with a concentration of LH above 1 ng/ml that was followed by at least four plasma samples with a concentration of LH below 1 ng/ml. Using these data, we calculated, for each OVX, estradioltreated ewe, the dates of the start and end of the period of reproductive neuroendocrine activity, as well as its duration and its midpoint.
LH pulsatility. The concentrations of LH were analyzed for pulses using the Munro algorithm (Zaristow Software, West Morham, Haddington, East Lothian, U.K.), a modified version of the Pulsar algorithm [29] . The G parameters G1-G5 were set at 3.98, 2.40, 1.68, 1.24, and 0.93, respectively, and the Baxter parameters B1-B3 were 0.055, 0.025, and 0.00039, respectively [30] . Thus, we calculated the pulse frequency, the mean pulse amplitude, and the mean concentration of LH for each profile.
Statistical Analysis
Data are presented as the mean 6 SEM, except for BCS data, which are presented as medians 6 interquartile ranges. All analyses were performed using SPSS statistical analysis software (SPSS Inc., IBM). Correlations between variables were measured using the Pearson correlation and presented as the Pearson product-moment correlation coefficient (r). Data were analyzed using either a one-way or a two-way ANOVA; post hoc paired comparisons were carried out, where appropriate, using the Bonferroni correction. Data that were not normally distributed were analyzed using the nonparametric Kruskal- 
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Wallis ANOVA followed by the Mann-Whitney U-test for paired comparisons. Differences or correlations were regarded as significant at P , 0.05.
RESULTS

BCS and Weight
Year 1. At the start of the pre-experimental period, both groups had similar LW and BCS values (Fig. 1) . During this period, the median BCS was higher for the ewes in the WF group compared with those in the R group (3.15 6 0.08 vs. 2.60 6 0.10; P , 0.001), and there was no significant difference in LW between nutritional groups (WF, 51.3 6 1.5 kg vs. R, 47.4 6 1.8; P ¼ 0.08). In both groups, BCS and LW significantly decreased with time (P , 0.001); there was a significant interaction between nutritional status and time for LW only (P , 0.001), indicating that this decrease was higher for the ewes in the R group. The abrupt drop in LW and BCS observed in both groups after the start of the feeding program ( Fig. 1 ) may be explained by two factors. First, the ewes were shorn right after the dietary transition, causing a direct drop of 4-6 kg in LW, possibly associated with a further loss of LW and BCS due to heat stress. Second, the abrupt transition in the quality of the feed offered required a period of adaptation for the ewes, during which they had a reduced feed intake.
During the experimental period in Year 1, BCS and LW were higher for the ewes in the WF group compared with those in the R group (BCS, 2.69 6 0.04 vs. 1.67 6 0.05; LW, 60.3 6 1.5 kg vs. 51.8 6 1.9 kg; P , 0.001 and P , 0.01, respectively). During this period, there was a significant effect of time on both BCS and LW (P , 0.001), and the interaction between time and nutritional status (P , 0.001) indicated that BCS and LW increased in the ewes in the WF group, while only BCS decreased in the ewes in the R group (Fig. 1) .
Year 2. During Year 2, BCS and LW were significantly higher for the ewes in the WF groups compared with those in the R groups (BCS: WF, 3.08 6 0.07 and WF-OVX, 3.06 6 0.08 vs. R, 1.70 6 0.06 and R-OVX, 1.79 6 0.05; LW: WF, 72.1 6 2.1 kg and WF-OVX, 70.1 6 2.2 kg vs. R, 48.5 6 2.6 kg and R-OVX, 49.3 6 2.2 kg; P , 0.001). During this period, BCS and LW did not differ with ovariectomy, but in each group there were significant variations of BCS and LW with time (P , 0.001), and the interaction between time and nutritional status (P , 0.001) indicated that BCS and LW significantly decreased in the R groups. Considering reproductive state (OVX or intact), the significant interaction with time (P , 0.001) on median BCS indicated that the ewes in the OVX groups experienced more pronounced variations in BCS during this period (Fig. 1) .
Year 3. During Year 3, BCS and LW were higher for the ewes in the WF-OVX group when compared with those in the R-OVX group (both P , 0.001; Fig. 2, A and B) . During this period, BCS and LW significantly increased with time (P , 0.001 and P , 0.05, respectively), and the interaction between time and nutritional status (P , 0.01) on the median BCS indicated that this increase was significantly higher for the ewes in the WF-OVX group.
Seasonal Ovarian Activity
Year 1 and Year 2. Within Years 1 and 2 of the study, the effects of dietary treatment on the seasonal patterns of ovarian activity were similar, and, thus, data for both years are presented together. The duration of ovarian activity (Fig. 3) was significantly longer for the WF ewes compared with R ewes (Year 1, 133 6 5 vs. 63 6 12 days and Year 2, 176 6 13 vs. 81 6 21 days; both P , 0.01). This difference was caused by a delayed onset of the breeding season (Year 1, 29 August 6 2 days vs. 8 October 6 10 days and Year 2, 22 August 6 6 days vs. 12 October 6 19 days; both P , 0.01) and an earlier end to the breeding season (Year 1, 9 January 6 5 days vs. 10 December 6 10 days and Year 2, 14 February 6 11 days vs. 1 January 6 6 days; both P , 0.01) for the ewes in the R group. The two groups had indistinguishable midseason dates (Year 1: WF, 4 November 6 3 days vs. R, 8 November 6 8 days and Year 2: WF, 18 November 6 6 days vs. R, 21 November 6 10 days; both P . 0.05). There were no significant differences in the proportion of cycling ewes between nutritional groups (Year 1: WF, 19/19 vs. R, 11/; Year 2: WF, 10/10 vs. R, 5/5). There was a significant correlation between BCS and LW (Year 1, r ¼ 0.57; Year 2, r ¼ 0.85; P , 0.01 and P , 0.001, respectively). The start and end times of ovarian activity were significantly correlated with BCS (Year 1, r ¼À0.69; r ¼ 0.42; P , 0.001 and P , 0.05, respectively; Year 2, r ¼À0.73 and r ¼ 0.74; both P , 0.01) and with LW only in Year 2 (r ¼À0.81 and r ¼ 0.64; P , 0.001 and P , 0.05, respectively). Finally, only in Year 2 was there a significant correlation between the dates of the start and end of ovarian activity (r ¼ À0.54; P , 0.05).
Year 1 vs. Year 2. The periods of ovarian activity were comparable for individual animals between the 2 yr of the MENASSOL ET AL. experiment (P . 0.05). There were also no within-group differences for the dates of the start, middle, and end of the period of ovarian activity (P . 0.05). During Year 1, three ewes in the R group exhibited erratic patterns of cyclicity; two ewes had a short and delimited period of ovarian activity (for one ewe, this period did not overlap with the midseason date calculated for the ewes in the R group) before experiencing another ovarian cycle near the winter solstice, and another ewe exhibited only one ovarian cycle near the winter solstice (Fig.  3) . Additionally, during Year 1, one ewe in the R group did not 
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have any ovarian activity, but was retained only in the data set for Figure 2 . During Year 2, all of the ewes showed a clear and consistent seasonal pattern of ovarian activity (Fig. 3) .
It is noteworthy that the anovulatory ewe in the R group during Year 1 had ovarian activity in Year 2 despite having a similar median BCS (Year 1, 1.63 6 0.20; Year 2, 1.50 6 0.50; P . 0.05).
The Pattern of LH Secretion During Seasonal Transitions
At 1 mo after ovariectomy, the WF-OVX and R-OVX groups had circulating concentrations of estradiol that were not significantly different (1.2 6 0.1 pg/ml and 1.4 6 0.1 pg/ml, respectively; P . 0.05). The presence of the implants was regularly confirmed over the period of the experiment, and none had to be replaced.
There was a difference between groups in the seasonal pattern of LH secretion (Fig. 4) , with ewes in the WF-OVX group displaying a longer period of high concentrations of LH (.1.0 ng/ml) compared with ewes of the R-OVX group (188 6 10 vs. 132 6 3 days; P , 0.001). This difference was caused both by a delay in the onset of neuroendocrine activity (14 August 6 6 days vs. 5 September 6 3 days; P , 0.01) and an advance in the end of neuroendocrine activity (19 February 6 8 days vs. 16 January 6 3 days; P , 0.01) in the R-OVX group. The two groups had indistinguishable midperiod dates (WF-OVX, 16 November 6 4 days and R-OVX, 10 November 6 2 days; P . 0.05), and there were no differences in circulating concentrations of LH between groups during the period of neuroendocrine activity (WF-OVX, 5.1 6 0.2 ng/ml and R-OVX, 4.5 6 0.2 ng/ml; P . 0.05). BCS and LW of the OVX animals were highly correlated (r ¼ 0.94; P , 0.0001). The beginning and end of the period of neuroendocrine activity were significantly correlated with BCS (r ¼À0.62 and r ¼ 0.71; both P , 0.01), but only the end was significantly correlated with LW (r ¼ 0.76; P , 0.001). There was a significant correlation between the dates of the start and end of the period of neuroendocrine activity (r ¼ À0.51; P , 0.05).
LH Pulsatility
There was no difference in LH pulsatility between the ewes in the WF-OVX and R-OVX groups (1.04 6 0.09 pulses/h vs. 0.76 6 0.12 pulses/h; P . 0.05). However, the mean amplitude of the pulses was higher in the WF-OVX group (1.9 6 0.1 ng/ml vs. 1.4 6 0.3 ng/ml; P , 0.05), but there was no significant difference between groups in the nadir concentration of LH. The mean plasma concentration of LH was significantly higher in the WF-OVX group (5.2 6 0.4 ng/ ml vs. 4.6 6 0.9 ng/ml; P , 0.001).
The Pattern of LH Secretion after Transfer to SD Photoperiod
The period of increased neuroendocrine activity induced by the photoperiodic switch from LD to SD (Fig. 5) was significantly longer for the WF-OVX ewes compared with the R-OVX ewes (159 6 7 days vs. 86 6 10 days; P , 0.001). In the latter group, the onset of neuroendocrine activity after transfer to SD was significantly delayed (P , 0.0001; Fig. 5 ), and its end significantly advanced (203 6 8 days vs. 164 6 7 days; P , 0.01). During the periods of increased neuroendocrine activity, the time to midperiod was not different between groups (WF-OVX, 124 6 4 days and R-OVX, 121 6 4 days; P . 0.05), and there were no differences in circulating concentrations of LH between groups (WF-OVX, 4.9 6 0.2 ng/ml and R-OVX, 3.9 6 0.2 ng/ml; P . 0.05). By the end of the experimental period in Year 3, half of the ewes in the WF-OVX group did not end their breeding season. Considering that their plasma LH concentrations were low ('1 ng/ml) and decreasing, the date of the end of the experimental period in Year 3 was used as their breeding season end date. One ewe in the R-OVX group did not have plasma LH concentrations over 1 ng/ml after transfer to SD photoperiod, and was excluded from the data set. The onset and the offset of LH secretion, following photoperiodic transition, were significantly correlated with both BCS (r ¼À0.78 and r ¼ 0.70; both P , 0.01) and LW (r ¼ À0.82 and r ¼ 0.78; both P , 0.001).
Glucose Year 1. From the start of the feeding program to the end of the pre-experimental period, the ewes in the WF group had lower plasma concentrations of glucose compared with ewes in the R group (0.55 6 0.01 mg/ml vs. 0.57 6 0.01 mg/ml; P , 0.01). In both groups, the plasma concentrations of glucose significantly decreased with time (P , 0.05) and there was no interaction between nutritional status and time on the plasma concentrations of glucose.
During the experimental period in Year 1, the differences between groups in plasma concentrations of glucose observed during the pre-experimental period persisted, and ewes from the WF group had lower concentrations of plasma glucose compared to ewes from the R group (P , 0.05; Fig. 6A ). In both groups, the plasma concentrations of glucose significantly increased with time (P , 0.001); the interaction between nutritional status and time (P , 0.001) indicates that this increase was significantly higher for the ewes in the WF group. During Year 1, concentrations of plasma glucose were not correlated with either BCS or LW.
Year 2. The ewes in the WF and WF-OVX groups had higher plasma concentrations of glucose when compared with the ewes in the R and R-OVX groups (P , 0.05; Fig. 6A ). During this period, the concentrations of plasma glucose did not differ significantly with ovariectomy, but, in each group, the plasma concentrations of glucose significantly decreased with time (P , 0.001), and the interaction between time and nutritional status (P , 0.001) indicates that this decrease was higher for the ewes in the R groups. There were significant interactions with time and the reproductive state of the ewes (OVX or intact; P , 0.05) and with nutritional status (P , 0.05), indicating that this decrease was higher with ovariectomy, but only for the ewes in the WF-OVX group. During Year 2, plasma concentrations of glucose were significantly correlated with BCS (r ¼ 0.41; P , 0.05) and LW (r ¼ 0.48; P , 0.01).
Insulin
Year 1. From the start of the feeding program to the end of the pre-experimental period, there was a trend toward significance for the ewes in the WF group to have higher concentrations of plasma insulin when compared with the ewes in the R group (0.84 6 0.04 ng/ml vs. 0.64 6 0.04 ng/ml; P ¼ 0.06). In both groups, the plasma concentrations of insulin significantly decreased with time (P , 0.001), but there was no interaction of time with nutritional status.
During the experimental period, the ewes in the WF group had higher plasma insulin concentrations when compared with the ewes in the R group (P , 0.05; Fig. 6B ). In both groups, the plasma concentrations of insulin significantly increased with time (P , 0.001); the interaction between nutritional status and time (P , 0.01) indicates that this increase was MENASSOL ET AL. 
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significantly higher for the ewes in the WF group. There were significant correlations between the plasma concentration of insulin and both BCS (r ¼ 0.60) and LW (r ¼ 0.50) (both P , 0.01).
Year 2. The ewes in the WF groups had higher plasma concentrations of insulin when compared with the ewes in the R groups (P , 0.001; Fig. 6B) . Surprisingly, there was an effect of ovariectomy on the plasma concentrations of insulin MENASSOL ET AL. 8 Article 52
(P , 0.05), with the animals of the WF group displaying higher concentrations when compared with the animals of the WF-OVX group (P , 0.05; Fig. 6B ). This effect of ovariectomy on the plasma concentrations of insulin, although following the same trend, was not significant for the R groups (P . 0.05). There was a significant effect of time on the plasma concentrations of insulin (P , 0.001), and the interaction between time and nutritional status (P , 0.001) indicates that the plasma concentrations of insulin increased, but only in the ewes in the WF group. Considering reproductive state (OVX or intact), there were significant interactions with time (P , 0.001) and nutritional status (P , 0.01), indicating that this increase was lower for the ewes of the WF-OVX group. There were significant correlations between concentrations of insulin in plasma and both BCS (r ¼ 0.77) and LW (r ¼ 0.78) (both P , 0.001). Year 3. The ewes in the WF-OVX group had higher plasma concentrations of insulin when compared with the ewes in the R-OVX group (P , 0.05; Fig. 2C ). There was no effect of time, nor were there any interactions, but there were significant correlations with BCS (r ¼ 0 0.61; P , 0.05) and LW (r ¼ 0.67; P , 0.01).
DISCUSSION
This study describes an interaction between the daily photoperiod in a temperate zone and nutritional status, estimated from the animals' BCSs, and its subsequent effect on the seasonal patterns of ovarian and reproductive neuroendocrine activity in a seasonal breed of sheep.
During the first year of this study, we established an ovine model to investigate the effect of the interaction between photoperiod and nutritional status on the seasonal pattern of ovarian activity in the Ile-de-France breed of sheep. This model confirms most of the previous findings in other breeds of sheep (Rambouillet [31] ; Rasa Aragonesa [32] ) and in other seasonal species, including SD breeders (the doe [15] ) and LD breeders (the mare [14] ). Moreover, the model has determined that the main effect of nutrition was on seasonal transitions of ovarian activity, with no effect on the midpoint of the seasons of ovarian activity and ovarian quiescence. The same experiment, repeated in the second year of the study, but with only half of the animals from Year 1, again confirmed these results.
In order to explain the model, our hypothesis was that the interactions between photoperiodic and nutritional cues were centrally mediated. Therefore, we went on to assess the effects of the same nutritional and photoperiodic treatments on the seasonal pattern of reproductive neuroendocrine activity in the OVX groups as a reflection of the photoperiod-driven changes in the activity of the hypothalamo-pituitary axis [33] . The results of this experiment clearly show similar effects of the interaction between nutritional and photoperiodic cues at the level of the activity of the hypothalamo-pituitary axis, and confirm our hypothesis. Interestingly, in this ovine model of long-term dietary restriction, the so-called ''gonadotropinreleasing hormone [GnRH]-independent'' effect of nutrition [34] had a minor influence, at best, on seasonal reproductive patterns.
In sheep, the seasonal changes in LH secretion from the gonadotroph cells of the anterior pituitary are controlled by photoperiod-driven changes in the neurosecretory activity of the GnRH neurons within the hypothalamus [35] . Thus, the effects of the interaction between photoperiodic and nutritional cues on the seasonal patterns of LH secretion likely reflect the upstream integration of these cues with the neurosecretory activity of the hypothalamic GnRH neurons. The fact that, in the OVX groups, each ewe had a sustained period of elevated LH secretion, with similar average concentrations of LH between nutritional groups, strengthens this suggestion. However, from these results, we cannot exclude effects downstream of the GnRH neurones, such as a direct effect of nutritional cues on the activity of the gonadotroph cells (see [36] for review).
The reproductive neuroendocrine activity of the OVX groups was further analyzed by determining the pulse frequency of LH, a parameter known to reflect the pulsatile output of GnRH from the hypothalamic GnRH neurons [37] . The results suggest that the site of integration is hypothalamic. However, in our study, as for similar experiments [38] [39] [40] , the conclusion concerning direct effects of nutrition on the characteristics of LH pulsatility may be biased, because it was not determined at the same physiological moment in the annual reproductive cycle for each nutritional group (i.e., the sampling window was closer to the termination of the active reproductive neuroendocrine season for the R-OVX group than it was for the WF-OVX group), a factor known to influence the characteristics of LH pulsatility [41] . In this regard, the only 
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suitable sampling window would have been the middate of the neuroendocrine active season, but this could not be determined until afterwards. Thus, the differences between nutritional groups in the amplitude of the LH pulses and the mean plasma concentration of LH have to be interpreted cautiously, because they may account for a direct effect of nutrition, the stage of the annual reproductive cycle, or both. On the other hand, the dietary restriction had no effect on LH pulsatility, which argues for little or no effect of nutritional cues on the expression of reproductive activities during the breeding season, and its effects appear to be confined to the seasonal transitions from the breeding season to anestrus and vice versa.
The comparison of the patterns of reproductive neuroendocrine activity between the ewes in the OVX groups, induced by the shift from LD to SD, confirmed that the effects of nutritional cues are on the seasonal reproductive mechanisms that initiate and terminate the breeding season. Indeed, while for the ewes in the WF-OVX group this pattern was in accordance with previous studies [17, 18] , for the ewes in the R-OVX group the transitions between the start and the end of LH secretion were respectively delayed and advanced without significant effects on the average concentrations of LH or on the mid-date of the period of reproductive neuroendocrine activity.
Throughout the study, the overall significant correlations of BCS with the dates of seasonal reproductive transitions suggest that the circulating levels of fat-borne signals (e.g., leptin and/ or adiponectin) are critical factors in the interaction between nutritional status and photoperiod. As expected, the mean plasma concentration of insulin, one endocrine mediator of adiposity [42, 43] , was positively associated with the nutritional status of the animals, and may therefore also have a significant function in this interaction. The changes in the plasma concentrations of glucose and insulin reflect the longterm metabolic adaptations of the ewes in the WF and R groups to their respective nutritional statuses. These adaptations were particularly evident in the ewes of the R group, and confirmed the results of a previous study [44] . Thus, these animals had higher plasma concentrations of glucose, which increased with time during Year 1, probably as a consequence of the glucosesparing mechanisms developed by ruminants to cope with nutritional challenges [42] . Indeed, the ewes in the R groups never were hypoglycemic. On the contrary, most of these ewes have experienced transient periods of hypoinsulinemia at the beginning of the experimental period. This was likely the consequence of the abrupt drop in energy intake and the subsequent mobilization of adipose tissue observed after the start of the feeding program that reciprocally favored gluconeogenesis [42, 45] . Interestingly between Years 1 and 2, despite apparent changes in nutrient signaling pathways, the seasonal reproductive patterns of the ewes in the WF and R groups were impacted in the same manner. This probably reflects the central integration of interactions between the level of adiposity (which appears to be the strongest signal in our model) and nutritional plane within a nutritional/metabolic memory [43, 46] ; the latter in turn influences the activity of the GnRH pulse generator to produce the appropriate neuroendocrine response. This metabolic memory is likely involved in the erratic patterns of ovarian activity observed during Year 1 in three ewes of the R group (Fig. 3) that experienced a particularly significant loss of BCS in terms of amplitude, duration, or absolute value. Moreover, the low nutritional status of the ewes in the R group did not prevent the establishment of the breeding season, and had little effect on the pulsatile pattern of LH secretion. In accordance with a previous work by Miller et al. [47] , it is then likely that hormones, such as leptin and insulin, ultimately impacted the functioning of the GnRH pulse generator, but in a photoperioddependent manner. Together, these observations tend to confirm that the hypothalamus integrates both endogenous and environmental signals to modulate the effects of metabolic status on seasonal reproductive activities [46] .
Our results confirm the role of nutritional cues as intrinsic modulators of the photoperiod-driven patterns of seasonal reproductive activities [13] and, tentatively, locate the level of interaction centrally, along the hypothalamic pathway of integration of the photoperiodic signal. Two mechanistic hypotheses may account for our observations. First, nutritional cues may act upstream in the integrative photoperiodic pathway (i.e., directly on the circannual rhythm that entrains the seasonal reproductive transitions [3, 48, 49] ). Indeed, in rodents, the restriction of dietary energy can alter the function of the SCN clock [50] . If such an effect is confirmed in sheep, considering the putative dependency of circannual rhythms on the circadian system [51] , then nutritional cues may directly alter the seasonal reproductive transitions. In this case, nutrition would act mainly as a disruptor of the seasonal breeding strategy (e.g., the erratic patterns observed in three ewes from the R group; Fig. 3) . However, such alterations in the circannual reproductive rhythm would probably interfere with its correct decoding of the photoperiodic signal [52] ; however, interestingly, in our study, the effects of nutrition were observed at both ends of the breeding season and, overall, the midpoint of the breeding season was not affected by nutrition, nor was the midpoint of anestrus. This indicates that the phase of the annual reproductive rhythm was not modified, and, as a consequence, the decoding of the photoperiodic cycle was not altered [4, 49] . The second hypothesis is that nutrition controls the width of the window of activity around the optimal period for breeding. In this case, nutritional cues would act on the integration of photoperiodic cues with GnRH-releasing neurons, possibly by modulating the threshold of stimulation necessary to switch the ''on-off'' mechanisms involved in seasonal reproductive transitions. In the ewes of the R group, this threshold would be greater compared with the ewes in the WF group; therefore, it would ''mask'' the expression of the photoperiodic drive until this latter became stronger, yielding a shorter breeding season centered on the same photoperiodic moment. One extreme situation would be a threshold so high that it could not be exceeded by the photoperiodic drive; this would lead to a complete loss of seasonal reproductive activities, as observed in one ewe of the R group in Year 1 (Fig. 3) .
Potential integrators for metabolic cues involved in seasonal reproductive transitions in sheep include the kisspeptin [53, 54] and thyroid-hormone [55] systems, both of which, in rodents, are responsive to metabolic cues, as well as the mechanism regulating the sensitivity of the hypothalamo-pituitary axis to the negative-feedback action of estradiol that is responsive to nutrition [56] . This latter mechanism would be independent of the circulating concentrations of estradiol, because, in our study, the plasma concentrations of E 2 before (data not shown) and 1 mo after ovariectomy were not significantly different between the OVX groups.
In conclusion, nutritional cues interact with the photoperiodic cycle to modulate the seasonal patterns of reproductive activities, and we have determined that this interaction takes place mainly in central pathways that determine the seasonal patterns of the neurosecretion of GnRH. Further analyses are now required to determine whether nutritional cues act as disruptors of the seasonal reproductive rhythms (hypothesis 1), or as a final gateway controlling the emergence of the seasonal MENASSOL ET AL.
reproductive rhythm to restrict breeding activity to an optimal period of the year (hypothesis 2).
